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MONITORING TROHCAL CYCLONE INTENSITY 
USING WIND FIELDS 

DERIVED FROM SHORT-INTERVAL SATELLITE IMAGES 

Edward B. Rodgers^ 

R. Cecil Gentry^ 

ABSTRACT 

Rapid scan visible images from the Visible Infrared Spin Scan Radiometer (VISSR) sensor on 
board SMS-2 and GOES-1 have been used to derive high resolution upper and lower tropospheric 
environmental wind Helds around three western Atlantic tropical cyclones (Caroline, August 1975, 
Anita, August and September 1977, and Ella, September 1978). These wind fields were used to 
derive upper and lower tropospheric areal mean relative vorticity and their differences, the net 
relative angular momentum balance and upper tropospheric mass outflow. These kinematic para- 
meters have been shown by studies using composite rawinsonde data to be strongly related to tropi- 
cal cyclone formation and intensity changes. Also, the role of forced synoptic scale subsidence in 
tropical cyclone formation was examined. 

The three case studies showed that satellite-derived Icwer and upper tropospheric wind fields 
can be used to monitor and possibly predict tropical cyclone formation and intensity changes. 

These kinematic analyses showed that future changes in tropical cyclone intensity are mainly 
related to the “spin-up” of the storms by the net horizontal transport of relative angular momen- 
tum caused by convergence of cyclonic vorticity in the lower troposphere and to a lesser extent the 
divergence of anticyclone vorticity in the upper troposphere. For the three cases studied, the upper 
tropospheric environmental circulation helped to influence changes of storm intensity by hindering 
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or enhancing the storm’s outflow. It is also apparent from the Anita case study that satellite- 
derived wind flelds can assist in the detection of the occurrence of tropical cyclone formation in 
regions where concentrated upper tropospheric convergence overlies a lower tropospheric cyclonic 
vortex. 


MONITORING TROPICAL CYCLONE INTENSITY USING WIND FIELDS 
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1. INTRODUCTION 

It is well known that the damage caused by a tropical cyclone varies with at least the square of 
the wind speed. (Howard et al., 1972). Therefore, tropical cyclone intensity and intensity changes 
are important subjects that have attracted many investigators. Some have listed a qualitative group 
of necessary but non-sufficient conditions for tropical cyclone formation and intensification (Riehl, 
1 954). Numerical models that can predic* intensity changes have not been developed sufficiently 
enough to use real data effectively. Modelers who have tried to make quantitative use of real data 
have encountered problems in obtaining sufficiently accurate data. 

The data problem is serious because most intensity chants take place over the open ocean far 
re< oved from dense observing networks. Data collected by hurricane reconnaissance aircraft have 
been very useful. There have been numerous case studies of tropical cyclones by a number of 
researchers (Riehl and Malkus, 1961 ; LaSeur and Hawkins, 1963; Hawkins and Rubsam, 1968; and 
Hawkins and Imbembo, 1976) using aircraft reconnaissance data that have related storm intensity 
to inner core thermodynamic parameters (i.e., D-values, temperature anomalies) and kinematic 
parameters (i.e., maximum winds). However, the flight data have rarely been suflicient to provide a 
good three-dimensional description of both the tropical cyclone and its environment. In addition, 
there is a tendency due to economical constraints in recent years to further reduce reconnaissance 
aircraft flights into tropical cyclones, particularly those that are at large distance from landfall. 
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Rawinsonde data provide a better vertical representation of the tropical cyclone structure, 
dynamics, and energetics, especially for the outer environmental regions of the storm. However, it 
has usually been necessary to composite rawinsonde data from many storms in order to have 
sufficient coverage. McBride, 1979; Nunez and Gray, 1977; Frank, 1977a and b; Arnold, 1977; Zehr, 
1976; and Erickson, 1977 have composited 20 years of rawinsonde data from the western Pacific 
and 14 years from the West Indies within and outside of tropical cyclones. The data were composited 
according to storm intensity over an area of 1 5° latitude radius from the storm center in T latitude 
steps and in 1 9 vertical levels at SO mb increments. Although this technique cannot be used to 
monitor the thermodynamic and dynamic parameters of individual tropical cyclones, it is an 
extremely useful method to assess what mean parameters are the most important to monitor 
in order to better understand the process of tropical cyclone formation and intensirication. 

However, because of sampling difficulties associated with reconnaissance aircraft flights and 
the rawinsonde measurements, there is an obvious need to emphasize satellite remote sensing 
techniques for monitoring tropical cyclone formation and intensity chants. 

There have been several techniques that have utilized satellite remote sensing. Dvorak (1975) 
has used cloud pattern analyses qualitatively for monitoring and predicting tropical cyclone intensity. 
This method, however, has its maximum difficulty with abnormal storms. A more quantitative 
study by Gentry, et al. (1980) has related tropical cyclone cloud-top temperatures (an index of latent 
heat release (LHR)) to storm intensity. These clouu-top temperatures were obtained from infrared 
window measurements made by sensors on board the Nimbus satellites. LHR has also been inferred 
from the passive microwave measurements at 19.35 GHz froti: the Electrically Scanning Microwave 
Radiometer on board Nimbus-5 (ESMR-5) and related to stonn intensity and intensity changes 
(Adler and Rodgers, 1977; Rodgers and Adler, 1981), Nimbus-6 Scanning Microwave Spec- 
trometer (SCAMS) measured upper tropospheric temperature anomalies near the center of trop- 
ical cyclones have been related to storm intensity by hydrostatically estimating minimum surface 
pressure and surface winds outside the radius of maximum winds (Kidder, 1978, 1980). These 
satellite-based techniques, however, have not demonstrated sufficient accuracy and reliability 



to replace aircraft reconnaissance. This is because the tropical cyclone intensity parameters are 
indirectly measured. The assumptions that are necessary for the calculation of tropical cyclone 
parameters (particularly LHR) are not well understood and the spatial and temporal resolutions 
of the observations are inadequate. 

At the earlier stages of tropical cyclone development, the previously mentioned satellite- 
derived measurements (i.e., SCAMS, ESMR-Sl are monitoring the tropical cyclone temperature and 
latent heat properties which have been shown by Gray (1975, 1979) to be unrelated to tropical 
cyclone formation and intensification. At the mature stage, however, these satellite-derived thermal 
parameters are more indicative of storm intensification. 

At all stages of development, the dynamics of the storm and surrounding atmosphere seems 
highly correlated with storm intensification. From rawinsonde data McBride (1979); McBride and 
Gray (1978); and Frank (1977a) have ^own that theie is a strong relationship between the net 
radial mass flux within the surrounding environment and tropical cyclone formation and intensity 
variation. Also Zehr. 1976; Erickson, 1977; and McBride. 1979 showed that the relative vorticity 
difference between the upper and lower troposphere within the surrounding environment is related 
to storm formation and intensification. This radiosonde-derived coirelation is encouraging, since 
direct measurements of the wind fields within the inner core of tropical cyclones is usually not 
feasible using satellite remote sensing techniques because of the storm’s dense cloud cover and heavy 
rainfall. However, satellite remote sensing techniques can be used to derive wind fields surrounding 
the storm’s central dense overcast (CDO). Satellite measurement of the environmental wind fields 
have been done routinely by using a cloud tracking procedure that utilizes su''ces»ve geosynchronous 
satellite infrared and visible images obtained at approximately 20 to 30 minute intervals. Although 
these techniques are limited in vertical resolution and to areas where there are cloud tracers, satellites 
are uniquely capable of supplying synoptic wind data within the envirorment surrounding the storm 
near the cloud base and cirrus levels where there is the greatest concentration of radial mass flux in 
and out of the storm. Synoptic observations of the environmental wind flow are needed to observe 
the asymmetries of storm’s outflow. Black and Anthes (1971) have shown from satellite-derived 
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upper tropospheric wind fields that these asymmetries are strongly related to the large scale fluxes 
of energy and momentum, and therefore, t^ the storm’s intensity change. 

Fiijita and Tecson, 1974; Smith, 1975; Erickson, 1974; and Hawkins, 1976 have dso used 
satellite-derived wind fields to estimate tropical cyclone intensity. However, since the wind fields 
were derived from successive geosynchronous images at approximately 30 minute intervals, the best 
success in the studies was found in relating satellite upper tropospheric kinematics within the storm’s 
environment to storm intensity. Less success was found in the lower troposphere. This was because 
the life expectancy of the cloud tracers was usually too short to be observed with any continuity 
using 30-minute interval images. However, it has been shown by Rodgers et al. (1979) that by 
observing limited areas of the globe every 3 to 7 5 minutes using the SMS/GOES Visible Infrared 
Spin Scan Radiometer (VISSR), the continuity of observing the cloud tracers is greatly improved. 

A factor of 10(5) increase in the number of ust;ful cloud tracers were obtained using the 3 to 7.5 
minute interval VISSR data as compared to using images at intervals of 30 (1 5) minutes. Therefore, 
within the immediate tropical cyclone environment during the day, the VISSR visible channel 
(spatial resolution approximately 1 km) provided useful mesoscale lower tropospheric wind fields 
surrounding the tropical cyclone. At the cirrus level, the higher temporal resolution VISSR images 
also made it easier to find cloud tracers even within the storm’s CDO because of the greater 
resolution. 

It is the purpose of this paper to utilize SMS-2 and (X)ES-1 rapid scan visible images (3 to 7.5 
minute intervals) to obtain cloud motion winds in order to investigate the dynamical relationship 
between the large-scale upper and lower tropospheric circulation surrounding tropical cyclones and 
the mner core characteristics, it is also planned to determine the feasibility of monitoring and 
possibly predicting tropical cyclone intenaty changes using the satellite-derived winds. These 
analyses will be compared with the composite rawinsonde results cited eariier that have shown 
relation^ips between winds in the upper and lower troposphere and current and future cyclone 
intensity. 
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Three tropical cyclones were examined where rapid*scan images were available at 1300, 1600, 
and 1900 GMT on three consecutive days for each storm. The storms were Caroline (August 28, 29, 
and 30, 1 975), Anita (August 30 and 31 and September 1 , 1 977), and Ella (September 1 , 2, and 3, 
1978). They were the only storms for which there were multiple days of rapid-scan observations. 
Only one of the time intervals on each day will be discussed since little variation was found between 
the kinematic analysis during each time period during the day. 

2. ANALYSIS 

Hasler, et al. ( 1 979) have shown from aircraft observations within the oceanic trade wind region 
that the translation of convective clouds approximates the ambient flow at the cloud base level and 
that cirrus cloud translation approximates the mean ambient flow in the cirrus layer. Movement of 
cumulus 3-15 km in diameter with a base at 960 mb and tops at 650 mb had vector differences of 
1.3 ms*^ at the cloud base, while cirrus had vector difference from the ambient flow at the cloud 
layer of 1 .6 ms"^ . It is not known from direct observations whether the translation of convective 
clouds immediately outside a tropical cyclone CDO represents the ambient flow at the cloud base 
level. However, considering the small vertical drear up to the upper tropospheric level within a 
tropical cyclone environment (Frank, 1977a), the convective cloud tracers are likely to be repre- 
sentative of the ambient flow at the cloud base level. 

At the cirrus level, there is large vertical shear so that the height determination of cirrus using 
an infrared technique is usually not accurate. Moreover, the emissivity of the cloud is usually less 
than one and has large variability. For these case studies all cirrus clouds were assigned to 200 mb, 
which was assumed to be the level of maximum outflow. A more accmate determination of cirrus 
heights fcM* future cases can be made using stereographic techniques (Hasler, 1981). 

The clouds were tracked on NASA’s interactive Atmospheric and Oceanographic Information 
Processing System (AOlPS). Discunion of the technique used to obtah satellite-derived winds and 
a brief description of AOlPS can be found in Rodgers, et al. ( 1 979). 
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The Leckmtn method, which it part of the AOlPS software, was used to objectively nnooth the 
satellite winds to grid point*. The Lackman method is similar to the Cressmtn technique (Crewman, 
1959), except that it alto weights wind data by diadowing and eliminates the ballooniixg effect in 
data*poor areas by using iveviously calculated grid points as further data input. The grid q>acing fm' 
the objective analysis was 0.4* latitude, while the length of the influence radius was taken to be 2.01 
times the grid spacing. 

Wind data obtained from the available aircraft reconnaissance flights at an altitude of at out 
O.S km at the approximate time of the satellite observations (within ±2h) were used to augment thr; 
lower tropospheric satellite-derived winds. Aircraft-derived winds were particularly helpful in the 
case of tropical cyclone Anita. For example, in the southeastern quadrant of the storm at apfvoxi- 
mately 333 km radius from the center, dense cirrus made it impossible to track cumulus doixls in 
the lower troposphere. In this quadrant the aircraft-derived winds were used to produce a more 
realistic objectively analyzed wind field. By using the aircraft winds to augment the satellite-derived 
winds, the mean radial component of the wind changed sign in this quadrant (radial outward to 
radial inward) and the areal mean horizontal conveigenced increased from 0.04 X 10~^s~^ to 
2 X 10*^ s~^ This value is mor * compatible with remits from the composite rawinsonde observations 
at the same radius for storms of similar intensiry. In areas where tliere were neither aircraft 
reconnaissance flints nor cloud tracers, wind data were introduced into Uie objective program after 
a subjective analysis was performed. Rawinsonde data were not used in the analysis since the 
measurements mainly occurred outside the area being analyzed. 

To assess the validity of these rapid scan satellite-derived tropical cyclone wind fields, Hasler 
and Rodgers (1977) did a random mor aiudyris on the high-resolution lower and upper tropospheric 
wind fields of three tropical cyclones (one of these storms was analyzed in this study). The error 
aiudysis consisted of: ( 1 ) the estimation of random errors in the cloud motion measurements by 
remeasuring clm;^ motkin by a different analyst, and (2) artificiaUy including a random number 
generate^- to polurb the x and y coordinates of the start and end points of eadi vectw with an 
OTOT that is nonnally distributed and has a variable standard deviation. The magnitude of the 
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vector difference w«t taken between the original vectors and the remeasured or perturbed 
vector. 

Results from the error anaiysis showed that the largest two-thirds value of the magnitude of the 
difference f<» the repeatable error was 3.3 ms"^ The difference was 3.1 ms"* for the perturbation 
with a standard deviation of 1 .0 pixel. This is twice the error that would be expected based on the 
spatial resolution of the satellite images and the total cloud-tracking time used to derive the wind 
fields. Objective analysis (Lackman/Cressman) of the wind Helds gave a factor of 2 improvement in 
the wind erron at the grid points. The largest two-thirds vah e of the magnitude of the difference 
and relative vOTlicity fields using a standard deviation of 1 .0 pixel vas no more than 5 percent of the 
maximum value of the original fields. The perturbed fields maintained their strongest divergence 
and vorticity features even when the perturbation was increased to a standard deviation of 2.4. 

Other possible errors in obtaining satellite-derived wind fields using rapid-scan images are errors 
caused by: ( I ) navigation, (2) spatial and temporal resolution, and (3) cloud height computation. 
These errors have been discussed by Peslen (1980). By tracking lower tropospheric clouds over land 
using SMS-2 (0.9 km spatial and 5 minute temporal resolution visible images) and comparing the 
satellite-derived winds with rawinsonde data, Peslen ( 1 980) found that the errors etiumerated above 
were 1.7 ms"*, 1.8 ms"*, and 1.7 ms"*, respectively. The total random and systematic error, 
including error bet'veen cloud motion and ambient flow, were estimated to be 4.6 ms"* when based 
on the square root of the sum of the individual error sources. However, these errors should be larger 
than those found from cloud traceis over water because of the greater surface influence, shorter 
cloud lifetime, smaller cloud size, and the greater uncertainties of the cloud level. Also, as was 
demonstrated by Hasler and R; dgers (1977) the objectively analyzed wind errors and their first 
derivafive for the cloud tracers over land should be smaller. 

Comparisons of lower tropt^heric clou:’^ motions for tropical cyclones Eloise (22 September 
197S), Caroline (30 August 1975), and Anita (31 August 1977), with winds measured 2-6h later at 
0.5 to I km elevation from reconnaissance aircraft in apfvoximately the same area riiowed an average 
^>eed difference of 2.5 ms"* (Hitside the CDO (Rodgers, et al., 1979). However, comparisons of this 
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type are less valid owing to the large time and space differences between the two measurements. 

Fig. la shows an example of an upper tropospheric wind field derived from GOES-1 for 
hurricane Anita (1600 GMT, 1 September 1977) niperimposed on the v^ble image of Anita. 

Figs, lb, k. and Id, resp^tively, show the objectively analyzed wind field unng the Lackman 
technique and the radial and tangential components of the wind. The wind vectors represent the 
location and direction of motion of the tracked cloud. The length of the vector is proportional to 
wind speed. The solid (dashed) lines represent the inward (outward) radial wind component and 
the cyclonic (antkyclonic) tangential wind component. The circle of 222 km radius from the center 
of circulation encompasses the inner core area of the storm. The kinematic parameters are only 
valid outside the circle within the environmental circulation. The arrow at the center of the circle 
represents the approximate center of tl.e storm circulation. 

3. KINEMATIC PARAMETERS 

The kinematic parameters that were computed within the environment mrrcjnding the tropical 
cyclone and examined for expected useful relation^ips witn tropical cyclone btensity changes are 
the relative vorticity difference between 900 and 200 mb (Zehr, 1976; Erick* n, 1979; and McBride, 
1979), the relative angular momentum balance (McBride, 1979; and Frank, i>77a), and upper 
tropospheric mass outflow (HdUday, 1977; Sadler, 1976; and Zehr, 1977). The relationdiips 
between the concentration of upper tropospheric subsidence and tropical cyclone formation (Arnold; 
1979;Gray, 1975; Erickson, 1977; and Lopez, 1973) was also examined. These parameters were 
chosen for their reported strong relationship to tropical cyclone formation and intensity changes. 
Furthermore, these parameters can be realistically meanired using satellite-derived wind fields. 

a. The Difference Between Relative Vorticity at 900 and 200 mb 

From composite studies of non-developing versus developing cloud clusters, McBride (1979) 
showed that the single most important envvonmental parameter for indicating tropical cyclone 
formation was the diH^erence between relative vorticity in the Iowa- and upper tropMphere when 
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averaged over cylindrical areas with radii of 222 km and 444 km. He found that this difference was 
greater for developing systems. This result indicates that systems develop in regions having laige- 
scale anticyclonic vorticity in the upper troposphere above an area of cycloidc vorticity in the lower 
troposphere. As a system intensifies, this difference increases. Thus, one should be able to determine 
tropical cyclone intensity changes by monitoring the environmental cyclonic relative vmrticity in the 
lower troposphere, the anticyclonic relative vorticity in the upper troposphere, and the difference 
between these two parameters. Table 1 shows the McBride (1979) results. The table indicates the 
magnitude of the mean relative vorticity at 900 mb for a circle of 222 km radius from the center of 
the tropical cyclone and the relative vorticity difference between 9(X) and 200 mb at radii of 222 km 
and 444 km for systems that do and do not develop and for tropical cyclones at different intensities. 
These data were obtained from the composite of 14 years of north Atlantic rawinsondc data 
(McBride. 1 979). The table indicates that areal mean relative vorticity either measured near the 
cloud base or obtained from the difference in areal mean relative vorticity between cloud base and 
cirrus level is related to tropical cyclone formation and intensity changes. Thus, tropical cyclone 
formation and intensity changes could be monitored from satellites if there is a sufficient coverage 
of cloud tracers. 

TABLE 1 


Areal Mean Relative Vorticity (10"^ s"h 


Intenaty 

900 mb 222 km 

^^900 "^200^"^* 

^^900 "^200^^^ 

Non-developing Depression 

2.4 

2.0 

5.5 

Pre-hurricane Cloud Ouster 

2.4 

2.4 

4.7 

Pre-hurricane Depression 

3.9 

2.8 

5.2 

Intensifying (Tydone 

4.8 

4.2 

9.8 

Hurricane 

7.3 

5.2 

10.8 


To derive these parameters for the three strums using the satelUtcHlerived winds, areal mean 
relative vorticity was computed at the cicuw l4ise and cirrus levels for a circular area with a radius of 
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333 km from the circulation center. The areal mean relative vorticity is defined as: 

1 


fr = 




h 


d$ 


(I) 


where R is the radius of the circle at which the relative vorticity is measured, is the tangential 
component of the wind (positive cyclonic) and S is the surface along the boundary of the cylinder 
(Jordan, 1952). 


b. The Balance of Relative Angular Momentum 

The storm’s relative angular momentum balance provides an understanding of the effects 
exerted by the surrounding region of relative vorticity on the “spin-up” of the storm’s volume and, 
therefore, storm intensification. To derive the balance of relative angular momentum for the three 
storms, computation was made for a cylinder of radius 333 km and height from the surface to 
1 00 mb, using the total horizontal flux. The computation was similar to the technique developed 
by Frank (1977a). 


dm 

a? 


*Ip I, I 


2fl 


Tj R- d0dr 


Where: 

R = Radius of cylinder 
Vj = Tangential Velocity (positive cyclonic) 

Vj = Radial Velocity (positive inwards) 
m = Relative angular momentum (VjR) 

P = Pressure height of cylinder (surface to 100 mb) 
rj = Inner radius of cylinder (center) 
r 2 = Outer radius of cylinder (333 km) 

0 = Surface stress term (pCpiV I Vj) 

V = (V|^ + Vj‘)^(ms"*) 


( 2 ) 
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g = Gravity (9.8 ms“^ ) 
f = 14.56 X 10-5 (sin 
4> = Latitude 

p = Density of Air (1.2 kg X 10“^) 

\Q ^ • Q + • Q’ = Total horizontal flux of a mean quantity (Q) is equal to the flux 

of the quantity by the mean circulation and the horizontal eddy 
flux. The bar denotes spatial averaging. 

The equation states that the vertically integrated local change in angular momentum for a given 
cylinder is equal to the net horizontal flux of relative angular momentum, the coriolis torque, and 
the surface frictional dissipation. 

To compute the angular momentum balance for a given cylinder, various assumptions are made. 
First, storm motion is subtracted from the and Vj wind components. Second, there is no vertical 
flux of angular momentum above 1 00 mb. Third. 80 percent of the wind at the cloud base level is 
used in the computation of the surface frictional dissipation term (Frank, 1977a). The last assumption 
is that there is zero net mass divergence in the cylinder. 

In order to assure zero mass divergence in a cylinder, it was first assumed for these case studies 
that the profile for a cylinder of radius 333 km corresponds to the profile derived from the 
composite rawinsonde data at 444 km radius from the center of western Atlantic hurricanes 
(McBride. 1979). The compos.Uo rawinsonde profile seen in Fig. 2a shows that the majority 
of the outflow is concentrated between 300 and 100 mb with a maximum at 200 mb, the maximum 
inflow is approximately constant from the surface to 800 mb and that there is little radial flow 
between 800 and 300 mb. Secondly, based upon the composite rawinsonde profile, it was 
assumed that the V, profile could be simulated from satellite-derived winds. It was assumed that 
the satellite-derived at the cirrus level represented the 200 mb (providing that the maximum 
outflow occurs at the cirrus level) and the satellite-derived at the cloud base level represented 
the constant in the lower troposphere. In the middle troposphere. was assumed to be zero. 

Fig. 2b shows this simplified profile. Finally, using the satellite-derived profile, zero net 
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center for the Western Atlantic hurricanes adapted from McBride (1979) (b) a simplified model of McBride’: 
(1979) radial wind profile. 


mass divergence was computed by adjusting the pressure height (P) at the top of the inflow so that 
the lower tropospheric areal mean mass convergence balanced the upper tropospheric areal mean 
mass divergence between 100 and 300 mb (see Fig. 2b). With these assumptions, the equation per 
unit area becomes; 


dm 

Tt 


J rP ^100 mb 

v;v;dP 

1000 mb ^300 mb 


2 

+ - 
g 


[WdP.! f 

JlOOO mb J30 


100 mb 

fWjdPl 

300 mb 


0.64CdP1V|V^R 


(3) 


where P is the upper limit pressure height of the low-level areal mean mass convergence that assures 
the lower tropospheric areal mean mass convergence balances the upper tropospheric areal mean 
mass divergence. 

Table 2 shows the mean magnitude for each measured term in the equation for a cylindrical 
volume of radius 444 km and between the surface and 100 mb, with respect to cyclone intensity. 
These data were obtained from the 14 year composite of north Atlantic rawinsonde data that were 
partitioned for storm intensity (McBride, 1979). 


TABLE 2 

Relative Angular Momentum (10^ kgs“^) 


Intensity 

VpVt 

RfV^ 

CplVlV^R 

dm/dt 

Non-developing Depression 

5.8 

-2.8 

-0.9 

2.1 

Pre4iurricane Qoud Ouster 

10.6 

-2.2 

-1.0 

7.4 

Pre hurricane Depression 

1 1.3 

-2.. 

-1.7 

7.5 

Intensifying Cyclone 

19.0 

3.2 

-2.4 

13.4 

Hurricane 

11.7 

-3.5 

-5.2 

3.0 
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This table shows that the largest values of the local change of relative angular momentum 
(dm/dt) occur with intensification rather than storm intensity itself. Frank (1977a) showed for 

20 years of composite rawinsonde data of western Pacific typhoons at the radius of 333 km from 
the center of circulation (the same radius that was used in this study for calculating relative angular 
momentum balance) that the net mass transport, which has a mean magnitude of approximately 

21 X lO^kgs'^ was balanced primarily by frictional dissipation. The magnitide of the net coriolis 
torque for the column at this radius was small and negative (approximately -5 X 10^ kg s'^) causing 
spin-down of the storm. The effect of the coriolis torque at large radii, however, becomes greater. 
The magnitude of the individual terms of the balance of relative angular momentum calculations for 
the case studies were quite similar when compared to those found by Frank (1977a) and will be 
discussed in section 4. 

c. The Upper Tropospheric Mass Outflow 

The importance of the upper tropospheric outflow has been evaluated by Sadler (1976). He 
found that developing and intensifying tropical cyclones in the western Pacific typically possessed 
two outflow channels, which were manifestations of the tropical upper tropospheric trough (TUTT). 
A similar phenomena has been observed in the Atlantic with only one predominant channel toward 
northeast of the storm. The physical reasoning for this is related to the enliancement of the inward 
transport of relative angular momentum. A stronger and more anticyclonic upper tropospheric 
outflow helps to “spin-up” the tropical cyclone system. Thus, the detection and monitoring of 
these outflow channels may aid in evaluating and predicting tropical cyclone formation and 
intensification. 

To examine these upper tropospheric outflow channels, mass outflow was calculated for each 
quadrant. In deriving this parameter the average satellite-derived was calculated for each quadrant 
after subtracting out the storm motion. The cirrus level was assumed to represent the maximum 
outflow in the layer between 300 to 100 mb (see Fig. 2). Thus, the mass outflow for each quadrant 
is. 
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where obtained from cirrus tracers is averaged along a cylindrical surface at radius of 333 km 
from the center of circulation for each quadrant, P is the pressure height of the outflow layer, and g 
is gravity. 

d. Upper-Tropospheric Subsidence 

Arnold (1977) postulated that tropical cycl-me formation may occur in regions where a lower 
tropospheric cyclone vortex is superimposed upon an area of dynamically forced upper tropospheric 
subsidence. This subsidence results from the convergence of the outflows from adjacent deep 
convective cells or between convective cells and the environment. The subsidi’ ^ r causes warming 
through adiabatic compression which hydrostatically lowers the surface pressure within the column. 
The lower pressure enhances lower tropospheric mass and moisture convergence, thereby increasing 
the enthalpy of the column through both adiabatic warming and latent heat release from the 
enhanced convection. This enhanced convection initiates the release of Conditional Instability of 
the Second Kind (CISK) that is needed for further development. This sequence was observed in 
tropical cyclone Anita. The 3h time history of convective development associated with Anita, 
together with the environmental upper tropospheric horizontal divergence calculations and the upper 
and lower tropospheric wind analyses, will be shown in section 4b. 

4. CASE STUDIES 
a. Caroline 

Caroline was first observed as a tropical disturbance off the African West Coast on August 1 5, 
1975. It failed to strengthen until reaching the southwest Gulf of Mexico on August 28, when Air 
Force reconnaissance aircraft found winds of tropical storm strength (1 7 to 3 1 ms'*) late that day. 
Caroline reached hurricane strength late on August 29 and intensified further at a very rapid rate. 
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On August 30 Caroline’s maximum surface winds were approximately SO ms~^ as it moved slowly 
(2.5 mr^) across the Gulf of Mexico towards landfall 1 85 km south of Brownsville, Texas. The cen- 
tral pressure fell from 987 mb at 1 800 GMT on August 30 to 963 mb at 0600 GMT on August 3 1 
(Hebert, 1 976). Fig. 3 shows the central pressure and maximum wind history between August 28 
to August 30, 1975. Arrows represent the times at which SMS-2 rapid-scan observations were made. 

The main synoptic weather pattern that dominated during the time of the satellite observation 
was a lower tropospheric anticyclone over the southeastern states that kept Caroline in an easterly 
flow as it moved across the Gulf of Mexico. The upper tropospheric flow around Caroline was 
northeasterly. This flow was caused by a large anticyclone over Texas and Mexico, which was 
building into the western Gulf of Mexico. Figures 4a and b show a streamline analyses of the 
environmental lower and upper tropospheric wind field for 0000 GMT on August 30, which depicts 
the synoptic patterns during that period. The streamline analyses were derived from the 850 and 
200 mb rawinsonde data along with satellite-derived winds (not shown) that were extrapolated to 
the rawinsonde time. Figures 5a and b show the satellite-derived winds for 1600 GMT on August 29 
used to deduce the lower and upper tropospheric streamline analyses and the kinematic parameters. 

The kinematic parameters for the satellite observation times for Caroline are seen in Tables 3, 4, 
and 5 which respectively show the areal mean relative vorticity for the lower and upper troposphere 
and vertical difference, the relative angular momentum balance, and the upper tropospheric mass 
flow for each quadrant. The areal mean relative vorticity and mass flow were computed at a radius 
of 333 km from Caroline's center. The relative angular momentum was computed for a cylindrical 
volume of 333 km radius from the center of the cyclone with a depth from the surface to 100 mb. 


TABLE 3 

Areal Mean Relative Vorticity (10"^ s"^ ) 


Time 

Qoud Bate Level 

Cirrus Level 

Vertical Difference 

Aug. 28 1600 GMT 

3.7 

-2.5 

6.2 

Aug. 29 1600 GMT 

5.6 

1.3 

A3 

Aug. 30 1600 GMT 

4.8 

-1.6 

6.4 
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Figure 3. Time history of tropical cyclone Caroline's maximum winds (dashed) and central pressure 
(solid) during the period of 28 August to 1 September. 1975. Arrows indicate time of satellite 
observations. 




TABLE 4 


Relative Angular Momentum (10^ kg s"^) 



Qoud 

Base 

Level 

Cirrus 

Level 

Net 

Goud 

Base 

Uvel 

Cirrus 

Level 

Net 




Time 

V V 
''rM 


fV~R 

f^ 

fV^ 

pCijV,R 

dm 

dt 

Aug. 28 1600 GMT 7.6 

4.8 

12.4 

7.2 

-6.6 

0.6 

-1.1 

11.9 

Aug. 29 1600 GMT 6.9 

0.9 

7.8 

6.6 

-6.5 

0.1 

-3.2 

3.8 

Aug. 30 1600 GMT 14.7 

3.5 

18.2 

16.1 

16.5 

-0.4 

-2.4 

15.4 




TABLE 5 






Rate of Mass Flow at the Cirrus Level (lO'^ 

mb s“* ) 




Time 


NE 

SE 


sw 

NW 



Aug. 28 1600 GMT 


-5.7 

-4.3 


-2.4 

2.5 



Aug. 29 1600 GMT 


-3.6 

0.9 


-4.2 

1.4 



Au«. 30 1600 GMT 


-6.2 

-2.7 


-5.3 

-6.0 



Comparing the results from these tables with Fig. 3. there appears to be a relationship between 
the effects of the environmental circulation surrounding Caroline and its future change in intensity. 
The magnitude of the vertical difference in areal mean relative vorticity (Table 3). although sorric- 
what smaller than that expected from McBride's (1979) composite model (Table 1 ) for cither an in- 
tensifying tropical cyclone or a hurricane, appeared to be related to future chaises in storm intensity 
The vertical difference of areal mean relative vorticity decreased in magnitude prior to the time when 
Caroline became a steady state storm early on August 30 and then increased prior to Caroline’s rapid 
development later that dayL The decrease in magnitude of this paramete< was mainly in response to 

* The smaller mainitude of the areal mean relative vorticity calculatimii may be attributed to assuming that tlte 
storm’s maximum outflow is at the cirrus level. 
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Figure 4. Streamline analyses of tropical cyclone Caroline's (a) lower and (b) 
upper tropospheric environmental wind field derived from 0000 GMT 30 August 
1975 observed 850 and 200 mb rawinsonde data, respectively, together with the 
satellite-derived winds (not shown) that were extrapolated to the rawinsonde 
time. Wind speed in knots. 
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I'igure S. SMS*2 derived winds of tropical cyclone Caroline at 
the la) cumulus cloud base and (b) cirrus level at 1600 GMT 
29 Auguit. 1975. Otherwise the same notation as in Figure la. 



the interaction between the outflow and the upper tropospheric anticyclonic circulation over Mexico. 
This interaction produced cyclonic flow west of the storm, which yielded an areal mean cyclonic 
vorticity of 1.3 X 10"^ s“^ at 1600 GMT on August 29. 

The magnitude of the local change of relative angular momentum (Table 4) also exhibited this 
lag relationship. A dramatic decrease in relative angular momentum on August 29 preceded the 
steady state condition of Caroline earlier on August 30- This decrease was mainly in response to the 
decrease in the upper tropospheric horizontal transport of relative angular momentum and, to a 
lesser degree, to an increase in fhctional dissipation. The decrease in the upper tropospheric 
horizontal relative angular momentum was caused by horizontal divergence of cyclonic vorticity south- 
west of the storm. This occurred in response to the influence of the northerly flow produced by the 
upper tropospheric anticyclone over Mexico. At 1 600 GMT on August 30, the dramatic increase of 
the local change of relative angular momentum preceded rapid intensification. This change was 
mainly caused by the large increase of convergence of cyclonic vorticity at the cumulus cloud base level 
ind to a lesser extent to a large increase of divergence of weak anticyclonic vorticity at the cirrus level. 

The magnitude of mass flow (Table 5) indicates that all quadrants at the last satellite observation 
time (1600 GMT on August 30) are depicting mass outflow with a particularly strong outflow 
cnannel to the north of the storm. The strong outflow channel in the northwest quadrant developed 
during the last 24h period and may have been partially responsible for the onset of rapid intensifica- 
tion. 

b. Anita 

Anita originated off the African coast on August 16, 1977, as a tropical disturbance. She 
maintained this status while mov’ng across the Atlantic, Caribbean, and into the Gulf of Mexico on 
August 28. On August 29. while Anita was in the eastern Gulf of Mexico, she was upgraded to a 
tropical depression. As Anita moved west-southwestward towards the Mexican coast, she intensified 
rapidly from tropical storm stage at 0600 GMT on August 30 to a hurricane at 1800 GMT on the 
same day. Anita continued to intensify reaching a minimum pressure of 926 mb (75 ms~^ maximum 
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winds) just prior to landfall as her forward speed accelerated from 2 ms"^ to 10 ms“^. During her 
traverse across the Gulf of Mexico, Anita intensified over warm waters within an atmosphere that 
was warm and moist (Lawrence, 1978). Fig. 6 shows Anita’s central pressure and maximum wind 
history between August 30 and September 3, 1977. Arrows apin indicate the times at which 
GCES-1 rapid-scan observations were made. 

The synoptic scale upper and lower tropospheric patterns during the time of the satellite 
observations of Anita were similar to those associated with Caroline. Over the southeastern United 
States, a large lower tropospheric anticyclone persisted during the 3 days, while at the upper 
tropospheric level, a large anticyclone west of Anita caused north to northeasterly flow. The com- 
bination of this upper tropospheric flow, together with Anita’s outflow, caused a very intense jet 
southeast of Anita. Figures 7a and b show streamline analyses of the 850 and 200 mb wind flow at 
1200 GMT on August 31 depicting the environmental circulation. These streamline analyses were 
again constructed from rawinsonde data and satellite-derived wind data (not shown) that was 
extrapolated to 1 200 GMT. Figures 8a and b show the satellite-derived winds for 1 600 GMT on 
August 31 at the cloud base and cirrus levels that contributed to the streamline and kinematic 
analyses. 

On August 30 rapid-scan images v/ere available during the time of Anita’s rapid transition from 
a depression to a tropical storm. It appeared from the satellite images and derived kinematic 
parameters that Anita’s lower tropospheric vortex rapidly developed in the region of upper 
tropospheric forced subsidence as postulated by Arnold (1977). Satellite-derived winds at 1 300 GMT 
at the cloud base level (Fig. 9) delineated a vortex just west of the convective system associated 
with the wave. The dot represents the center of the vortex. At the same time, horizontal divergence 
patterns (Fig. 11) depicted a region of upper tropospheric confluence (dashed lines) superimposed 
upon the lower tropospheric cyclonic vortex. This area of confluence occurs in response to the 
convergence of the outflow from the convective system with the basic current. This confluence area 
is also delineated by satellite-derived winds at the cirrus level (Figures 10, 12 and 13). Since there is 
no upper and middle tropospheric cloud cover over the vortex and there is a strong demarcation 







Figure 7, Streamline analyses of tropical cyclone Anita's (a) lower and (b) upper 
troiHispheric environmental wind field at 1200CiMT 31 August, 1977. Other- 
wise the notation is the same as in Figure 4. 
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Figure 8. GOFS-I derived winds of tropical cyclone Anita's (a) lower 
and (b) upper tropospheric environment at 1600 GMT 31 August, 
1977. Otherwise the notation is the same as in Figure la. 
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Figure 1 3. GOES-1 derived winds at the cirrus level for tropical cyclone Anita 1900 GMT 
30 August, 1977. Otherwise notation is the same as in Figure la. 
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between the cirrus and the clear area west of the convective systems, it is assumed that the upper 
tropospheric confluence is producing subsidence down to the middle troposphere. Figures 10, 1 .1 
and 1 3 also show Anita's cloud systems with the cirrus level wind arrows superimposed at 1 300, 
1600 and 1900 GMT on August 30. It appears from these figures that the convection is rapidly 
developing within the lower tropospheric vonex. Approximately 24h later figures 8a and b show 
the transition of the cloud systems from an open cyclonic vortex to one with a deep convective ring 
with an eye at 1600 GMT on August 31 . At this time, Anita was at the tropical storm stage and 
developing rapidly (see Figure b). 

The kinematic parameters derived for the satellite observation times in Fig. b are seen in 
Tables 6, 7 and 8. These tables are similar to Tables 3, 4 and 5. respectively. 


TABLE 6 

Areal Mean Relative Vorticity (10“^ s"M 


Time 

Ouud Base Level 

Cirrus Level 

Vertical Difference 

Aug. 30 1600 GMT 

6.3 

-4.3 

10.6 

Aug. 31 1600 GMT 

6.8 

0.7 

6.1 

Sept. 1 1600 GMT 

9.d 

-1.8 

11.7 


TABLE 7 


Relative Angular Momentum (10'* kg 



Cloud 

Base 

Level 

Cirrus 

Uvel 

Net 

Cloud 

Base 

Level 

Cirrus 

Level 

Net 



Time 

V V 

V V 

^'r’l 



7^ 

pCylVlYfR 

3m 

dt 

Aug. 30 1600 GMT 

17.5 

11.5 

29.0 

19.0 

-19.0 

0 

-4.3 

g 

Aug. 31 1600 GMT 

18.8 

1.7 

20.5 

15.8 

-16.4 

-0.6 



Sept. 1 1600 GMT 

22.8 

9.5 

32.3 

13.9 

-12.7 

1.2 
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TABLE 8 


Rate of Mass Flow at Cirrus Level ( 1 0"^ mb s“* ) 


Time 

NE 

SE 

SW 

NW 

Aug. 30 1 600 GMT 

-5.1 

-12.3 

-5.8 

1.9 

Aug. 31 1600 GMT 

-8.9 

-7.5 

-1.1 

1.5 

Sept .l 1600 GMT 

-5.0 

-5.7 

-6.1 

2.1 


Comparing these results from these tables with Fig. 6, a relationship again appears between 
future changes in tropical cyclone intensity and the environmental circulation at 333 km radius 
from the center. The vertical differences of areal mean relative vorticity are much larger than were 
measured with Caroline. This is u reasonable result, since Anita was a more intense storm with 
values slightly exceeding the composite values for hurricanes at approximately the same radius 
(see Table 1 ). The decrease in the vertical difference of relative vorticity at IhOO GMT on August 31 , 
seems to be related to the decrease in Anita's intensity. This is mainly caused by an abrupt reversal 
of areal mean relative vorticity from anticyclonic to cyclonic at the upper tropospheric level in 
response to the northerly flow west of Anita. This northerly flow was caused by the upper 
tropospheric anticyclone over the southwestern United States. At the cloud base level, however, 
the cyclonic vort^-ity continued to increase. During rapid intensification on 1 September, the 
cloud base areal mean cyclonic relative vorticity increased dramatically. Also, at the upper 
tropospheric level the areal mean relative vorticity became anticyclonic again. These changes in 
the areal mean relative vorticity at the two levels helped to increase the magnitude of the vertical 
difference. 

The magnitude of the local change in relative angular momentum (Table 7) for Anita, 
which also showed larger magnitudes than Caroline’s, renected Anita’s decrease in the intensifi- 
cation rate on August 31. This is attributed mainly to an abrupt decrease in the inward hori- 
zontal transport of upper tropospheric relative angular momentum caused by the convergence 
of anticyclonic vorticity in the southwest quadrant. However, similar to Caroline, the upper 
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tropospheric mass convergence in the NW quadrant (Table 8) was transporting cyclonic vorticity radially 
inward, thus increasing the "spin-up" of Anita's circulation. During the time of rapid development 
on September 1 , the local change of relative angular momentum once again increased, but only tc 
the magnitude measured on August 30. This change was caused by the increase of the inward 
horizontal transport of relative angular momentum in both the lower and upper troposphere. The 
reason that the local change of relative angular momentum was not greater was because of the nearly 
100 percent increase in surface frictional dissipation. 

The upper tropospheric mass outflow (Table 8) shows that during the slowing of Anita's 
intensiflcation rate on August 31, the mass outflow in the southwest quadrant decreased considerably 
under the influence of the upper tropospheric anticyclonic flow west of Anita. The outflow in the 
southeast quadrant also decreased. During Anita’s rapid intensification on September 1 , the upper 
tropospheric outflow continued to decrease in the southeast quadrant, but dramatically increased in 
the southwest quadrant. This increasing southwest outflow channel may have been partially 
responsible for Anita’s rapid intensification. Throughout the period, the upper tropospheric anti- 
cyclone west of Anita prevented an outflow channel in Anita’s northwest quadrant. 

c. Ella 

Ella originated on a quasi-stationary frontal zone over the central North Atlantic Ocean on 
August 28, 1978, and became a depression at 0000 GMT on August 30. As a depression, Ella moved 
west-northwest at 5-8 ms"* toward the United States, intensifying to storm stage on August 30. 

As it moved toward the North Carolina coast, it intensified to hurricane strength at 1800 GMT on 
August 31 . During the times of the satellite observations on September 1-3, Ella interacted with 
two short-wave middle and upper level trouts that affected the cyclone. The first trough passed to 
the north of Ella causing her to decelerate and weaken on September 2. The second trough caused 
Ella to rapidly intensify and accelerate t ->ward the northeast at speeds close to 9 ms~* on September 3 
(Lawrence. 1979). Figure 14 shows the central pressure and the maximum wind history between 
September 1-3, 1978. Arrows again depict the times of the satellite rapid-scan observations that 
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CENTRAL PRESSURE (mb) 



Figure 14. Time history of tropical cyclone Ella’s maximum winds and central pressure during the 
period of 1-4 September, 1*^78. Otherwise notation is the same as in Figure 3. 
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MAXIMUM WIND (m/s) 



were used for the kinematic analysis. 

The synoptic upper and lower tropospheric features affecting Ella during the period of satellite 
observations were the two previously mentioned middle and upper level troughs. In the lower 
troposphere, a stationary front stayed northwest of Ella while southeasterly flow into the south- 
eastern sector dominated during the 3-day period. In the upper troposphere, the first trough moving 
from the west and passing north of Ella acted as a barrier to EUa’s outflow toward the west. How- 
ever, the second trough, which had greater amplitude, enhanced Ella’s outflow. Figures 1 Sa and b 
show streamline analyses of the 850 and 200 mb winds at 1 200 GMT on September 2, 1 978 and 
depict the lower and upper tropospheric circulation during the time of Elia’s interaction with the 
flrst trough. These streamline analyses were co)> . /ucted from the rawinsonde data and satellite- 
derived wind data (not shown) were extrapolated to 1200 GMT. Figures 16a and b show the 
satellite-derived winds at the cloud base and cirrus levels for 1600 GMT on September 2 that were 
used in the streamline and kinematic analyses. 

The kinematic parameters for satellite observation times for Ella as depicted by the arrows in 
Fig. 14 are seen in Tables 9, 10, and 11. These tables are similar to Tables 3, 4, and S, 
respectively. 


TABLE 9 

Areal Mean Relative Vorticity (10”^ s"*) 


lime 

Qou(t Base Level 

Cirrus Level 

Vertical Difference 

Sept. 1 1300 GMT 

3.6 

-4.3 

7.9 

Sept. 2 1300 GMT 

4.9 

-2.2 

7.1 

Sept. 3 1300 GMT 

7.5 

-0.8 

8.3 
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Figure 1 6. GOES-1 wind of tropical cyclone Ella at the (a) 
cumulus cloud base and (b) cirrus level at 1600 GMT 2 Sep- 
tember. 1978, Otherwise notation is the same as in Figure la. 
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TABLE 10 


Relative Angular Momentum (10^ kg s~‘) 



doud 

Base 

Level 

Cirrus 

Level 

Net 

Cloud 

Base 

Level 

Clnus 

Le^el 

Net 



Time 

V V 

V V 



?vJr 


s)C,^|V|V,R 

dm 

dt 

Sepl. 1 1.300 GMT 

8.4 

11.5 

20.4 

18.0 

-17.7 

0.1 

-1.3 

14,2 

Sepi.: 1.300 GMT 

11.2 

7,2 

18.8 

17.1 

-15.1 

2.0 

-2.6 

18..' 

Sepl. 3 I3(KU;MT 

27.6 

3.2 

.30.8 

32.1 

-24.2 

0.4 

-5.8 

25.4 


TABLE 11 

Rate of Muss Flow at the Cirrus Level ( 1 0**' mb s“* ) 

Nf Sf SW NW 

-3.4 -4.<J -5.0 -3.‘) 

-,V3 -7.0 -6.*» J.: 

-e.,5 -3.8 -6.0 - 7 .: 


I'line 

Sept, I I300(JMT 
Sept : l.tOOCiMT 
Sept. 3 1.300 Cl MT 


Comi^tring results from these tables with Fig. 14. there again appears to be a relatumsltip 
bi'tween the environmental circulations and future changes in tropical cyclone intensity. At the 
.3.33 kin radius from Ella's center, the vertical dilTercnce of areal mean vorticity (Table ^). which 
contains magnitudes approximately equal to that of the composite hurricane (Table 1). rellects 
Ella’s weakening on September 2 and intensification on September 3. The weakening of this 
jsirameler was mainly caused by the increase in the upper tro|X>spheric cyclonic vorticity in the south- 
western quadrant that reflected interaction of the fust trough with Ella’s outflow. The trougli 
induced a strong northerly flow west of Ella at 333 km distance from the center. This was the same 
synoptic flow that alTected both Caroline and Anita. Table shows that the upi>er tropospheric 











areal mean anticydonic vorticity on September 3 continued to decrease even though Ella intensified. 
The inlensitication is reflected mainly in the increase of lower tropospheric areal mean relative 
cyclonic vorticity. 

The magnitude of the kK'al change of relative angulai mcmentum (Table 10) indicates how the 
areal mean relative vorticity fields are affecting F;lla‘s **spin-up” and. therefore. Intensification. This 
iwrameter is again reflecting futute changes in tropical cyclone intensity. These changes arc mainly 
caused by the diffea'nce in horizontal transport although the surface frictional di.s$it>ation becomes 
more important as Ella intensifies. During tlie 3-day period, the lower tropospheric convergence of 
cyclonic vorticity increased as the uptxr ta>|X>spheric diveigence of anticydonic vorticity decreased. 
Although the lower tropospheric inward transport of relative angular momentum continued to 
increa.se, the interaction of the first tnniglt with Ella’s outflow decreased the i?ain of relative angular 
momentum due both to amvergence of anticydonic vorticity in the northwest iiuadrant and to the 
divergence of cyclonic vorticity in the smithwest quadrant. Similar to tnrpical cyclone C'anrline and 
Anita. Ella's intensificatron on September 3 is mainly attributed to tire dramatic gain of relative 
aitgular momentum at tlic lower tropospheric level. However, unlike tropical cyclone Caroline 
and Anita, the enhancement of Ella’s upper tropospheric outflow caused by the second trougli did 
not increase the relative angular momentum at the cirrus level. This was attributed to the continuing 
deintensification of the areal mean anticydonic vorticity (see Table Therefore, it appears that 
the upper tropo.spheric outer circulation contributed little to Ella’s intensification. 

The upper trrspospheric mass flow shown in Table 1 1 reflects the effects exerted by the two 
troughs on Ella’s outflow. The first irougli on September 2 completely blocked Ella’s outflow in 
the northwest quadrant, causing horizontal convergence at 333 km radius as Ella nroved into the 
convergent part of the upiH'r tropospheric trough. As the second trough approached Ella, the storm 
moved into the divergent part of Uie Irouglt, which enhanced the outflow in the northern part of 
the storm. However, as mentioned previously the rapid intensification of this otitflow channel did 
not increase the magnitude of relative angular momentum because of the weakening of the upper 
tropospheric areal mean atiticydonic vorticity. 


5. CONCLUSION 


These three cuse studies indicute that satellite-derived Sower and upiK'r troptMpheric kinematic 
analyses of the environmental circulations at 333 km radius from the stcrnCs center can be used to 
monitor and possibly predict tropical cyclone formation and intensity changes. Tl\ese kinematic 
analyses sl\ow that future changes in tropical cyclone intensity are mainly related to the “spin-up” of 
the storms by tlse net horizontal transport of relative angular momentum due to lower tropospheric 
convergence of cyclonic vorticity and to a lesser extent to the upjx'r tropospheric divergence of 
anticyclonic vorticity. l-or these three tn.»pical cyclones, the upper tropospheric environmental 
circulation hel|x'd to indicate the changes in intensity of these .storms by hindering or enhancing the 
outllow. Major blocking of the outflow caused wc{ikenmg iu the case of l-lla and slowed the 
intensitlcation rates of Caroline and Anita. The strengthening of the outllow channels for Anita 
and Caroline helped to intensify the storms through the inward transport of relative angular momen- 
tum. The Anita case study suggested that .satellite-derived wind fields can be used to ascertain 
whether tropical cyclone formation will occ»ir if an area of concentrated upper tropospheric con- 
vergence is su|X'rimj>osed uixm a lower tro|X)sphenc cyclonic vortex. 

Thus, it appears from the three case studies that if the lower and up|X‘r tropospheric circulations 
surrounding a tropical cyclone are adequately defined, tropical cyclone formation and intensification 
can be monitored and possibly predicted. However, to adequately define these wind fields, full resolu- 
tion rapid-scan geosynchronous satellite visible imagery must be used. Since the current SMS/GOHS 
VISSR infrared channel has lower spatial resolution (.approximately 8 km> these wind analyses can 
only be obtained during the day. Thus, the resolution of the infrared channel must be improved to 
apprx.>ximately 1 km for similar results at night. I'o ascertain the lag tinte between the changes in the 
environmental circulation surnnmding a storm and the storm's inner axe characteristics (i.e., surface 
pressure, maximum winds) rapid-scan observation sequences are needed every few lumrs during ttie 
day and night. 
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FIGURE CAPTIONS 


Figure 1. (a) Cirrus level wind field (wind speed in knots) derived from GOES-1 for hurricane 
Anita at 1600 GMT, 1 September 1977, (b) the objectively smoothed analyzed wind field (0.4 km 
spacing) using the Lackman technique, (c) the radial, and (d) tangential wind component of the 
derived winds. See text for further explanation. 

Figure 2. (a) Mean radial wind profile derived from the composite rawinsonde data at 444 km 
radius from the center for the western Atlantic hurricanes adapted from McBride (1979) 

(b) a simplified model of McBride’s (1979) radial wind profile. 

Figure 3. Time history of tropical cyclone Caroline’s maximum winds (dashed) and central pressure 
(solid) during the period of 28 August to 1 September, 1975. Arrows indicate time of satellite 
observations. 

Figure 4. Streamline analyses of tropical cyclone Caroline’s (a) lower and (b) upper tropospheric 
environmental wind field derived from 0000 GMT 30 August 1975 observed 850 and 200 mb 
rawinsonde data, respectively, together with the satellite-derived winds (not shown) that were 
extrapolated to the rawinsonde time. Wind speed in knots. 

Figure 5. SMS-2 derived winds of tropical cyclone Caroline at the (a) cumulus cloud base and 
(b) cirrus level at 1600 GMT 29 August, 1975. Otherwise the same notation as in Fig. la. 

Figure 6. Time history of tropical cyclone Anita’s maximum winds and central pressure for the 
period 30 August to 3 September, 1977. Otherwise the notation is the same as in Fig. 3. 

Figure 7. Streamline analyses of tropical cyclone Anita’s (a) lower and (b) upper tropospheric 
environmental wind field at 1200 GMT 31 August, 1977. Otherwise the notation is the same as 
in Fig. 4. 
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Figure 8. GOES-1 derived winds of tropical cyclone Anita’s (a) lower and (b) upper tropospheric 
environment at 1600 GMT 31 August, 1977. Otherwise the notation is the same as in Fig. la. 

Figure 9. GOES-1 derived winds at the cumulus cloud base level for tropical cyclone Anita 1300 
GMT 30 August, 1977. Dot represents the center of lower tropospheric circulation. Otherwise 
notation same as in Fig. la. 

Figure 10. GOES-1 derived winds at the cirrus level for tropical cyclone Anita 1300 GMT 30 August. 
1 977. Otherwise notation is the same as in Fig. la. 

Figure 1 1 . Horizontal divergence field calculated from GOES-1 derived Winds at the cirrus level for 
tropical cyclone Anita 1300 GMT 30 August, 1977. Dashed (solid) lines represent horizontal 
convergence (divergence). Otherwise notation is the same as in Fig. la. 

Figure 12. GOES-1 derived winds at the cirrus level for tropical cyclone Anita 1600 GMT 30 August, 
1977. Otherwise notation is the same as in Fig. la. 

Figure 13. GOES-1 derived winds at the cirrus level for tropical cyclone Anita 1900 GMT 30 August, 
1977. Otherwise notation is the same as in Fig. la. 

Figure 14. Time history of tropical cyclone Ella’s maximum winds and central pressure during the 
period of 1-4 September, 1 978. Otherwise notation is the same as in Fig. 3. 

Figure 1 5. Streamline analysis of tropical cyclone Ella’s (a) lower and (b) upper tropospheric 
environmental wind field at 1 200 GMT 2 September, 1978. Otherwise notation is the same as 
in Fig. 4. 

Figure 1 6. CJOES-l wind of tropical cyclone Ella at the (a) cumulus cloud base and (b) cirrus level 
at 1600 GMT 2 September, 1978. Otherwise notation is the same as in Fig. la. 
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